In this paper we study the next-to-leading order corrections to deeply virtual pion and kaon production in neutrino experiments. We estimate these corrections in the kinematics of the Minerva experiment at FERMILAB, and find that they are sizable and increase the leading order cross-section by up to a factor of two. We provide a computational code, which can be used for the evaluation of the cross-sections, taking into account these corrections and employing various GPD models.
where x is the average light-cone fraction of the parton, λ, q (λ , q ) are the corresponding helicity and flavor of the initial (final) partons, and C q λ ν ,λν is the hard coefficient function, which will be specified later. The soft matrix element H q ν λ ,νλ in (9) is diagonal in quark helicities (λ, λ ), at leading twist, where the constants g q V , g q A are the vector and axial current couplings to quarks, and the four leading twist GPDs H, E,HandẼare defined as
+ ∆ + 2m NẼ(x, ξ, t)N (p 2 ) N (p 1 ) , withP = p 1 + p 2 , ∆ = p 2 − p 1 and ξ = −∆ + /2P + ≈ x Bj /(2 − x Bj ) (see e.g. [11] for details of the kinematics). In the case when the baryon state does not change, A = B, the corresponding GPDs are diagonal in flavor space, H∼ δH q , etc. In the general case, when A = B, in the right-hand side (r.h.s.) of Eqs. (7), (8) there might be extra structures, which vanish due to T -parity in the case A = B [11] . In what follows we assume that the initial target A is either a proton or a neutron, and B belongs to the same lowest SU (3) octet of baryons. In this case, all such terms are parametrically suppressed by the current quark mass m q and vanish in the limit of exact SU (3), so we will disregard them. In this special case, we may use SU (3) relations and express the nondiagonal transitional GPDs as linear combinations of the GPDs of the proton H q , E q ,H q ,Ẽ q [25] , so (5) may be effectively rewritten as
where C q is the helicity independent part of the hard coefficient function. Its evaluation is quite straightforward, and in the leading order over α s it gets contributions from the diagrams shown schematically in Figure 1 . It has been studied both for pion electroproduction [19, 20, [31] [32] [33] [34] [35] and neutrinoproduction [21] (see also [29] for a discussion of higher twist corrections). In the next-to-leading order the evaluation becomes more complicated, and the corresponding diagrams are shown schematically in Figure 2 . Straightforward evaluation of the diagrams shown in the Figure 1 yields for the coefficient function
where the process-dependent flavor factors η q V ± , η q A± are given in Table I 2 , and we introduced shorthand notations 
For the case of NC mediated processes, take gq corresponding to g q V and g q A for helicity odd and helicity even GPDs respectively.
2 As was discussed above, for processes with change of internal baryon structure, we use SU (3) relations [25] which are valid up to corrections in current quark masses ∼ O (mq). 
where
The function (11) encodes NLO corrections to the coefficient function. As was explained in [37] [38] [39] it is related by analytical continuation to the loop correction toqq scattering, and was evaluated and analyzed in detail in the context of NLO studies of the pion form factor (see [40, 41] for details and historical discussion). Explicitly, it is given by
is the dilogarithm function, and µ R and µ F are the renormalization and factorization scales respectively 3 . The correction T (1) (v, z) for small v ≈ 0 (x = ±ξ ∓ i0) has an asymptotic behavior ∼ ln 2 v, which signals that a collinear approximation might be not valid near this point. To regularize the singularity, we may follow [18] and introduce a small transverse momentum l ⊥ of the quark inside a meson. Effectively, this corresponds to the introduction of a small infrared regularization in the region v ∼ l 2 ⊥ /Q 2 , a vanishingly small quantity in the Bjorken limit. However, a full evaluation of T (1) (v, z) beyond collinear approximation (taking into account all higher twist corrections) presents a challenging problem. Another possibility was suggested in [39] , and corresponds to the absorption of the singular term by selecting a low renormalization scale µ 2 R ∼ z v Q 2 . Near the points x ≈ ±ξ the redefined scale µ R drops to very small values, where nonperturbative effects become relevant. Only in the Bjorken limit (Q 2 → ∞) we may expect that details of regularization become irrelevant.
III. GPD AND DA PARAMETRIZATIONS
For the leading twist DA φ 2π (x), the currently available data on the meson photoproduction form factor F πγγ Q 2 are compatible with the asymptotic form φ as (z) = 6 √ 2f π z(1−z), with a typical uncertainty in the minus-first moment of the order of ∼ 10% (see e.g. [42, 43] and reviews in [44, 45] ).
More than a dozen different parametrizations of GPDs have been proposed in the literature [7, 12, 35, [46] [47] [48] [49] [50] [51] . While we neither endorse nor refute any of them, for the sake of concreteness we use the parametrization [33] [34] [35] , which succeeded to describe HERA [52] and JLAB [33] [34] [35] data on electroproduction of different mesons, so it should provide a reasonable description of νDVMP. The parametrization is based on the Radyushkin's double distribution ansatz. It assumes additivity of the valence and sea parts of the GPDs,
which are defined as
and q val and q sea are the ordinary valence and sea components of the PDFs. The coefficients b i , α i , as well as the parametrization of the input PDFs q(x), ∆q(x) and pseudo-PDFs e(x),ẽ(x) (which correspond to the forward limit of the GPDs E,Ẽ), are discussed in [33] [34] [35] . The unpolarized PDFs q(x) are adjusted to reproduce the CTEQ PDFs in the limited range 4 Q 2 40 GeV 2 . Notice that in this model the sea is flavor symmetric for asymptotically large
The equality of the sea components of the light quarks in (17) should be considered only as a rough approximation, since in the forward limit the inequalityd =ū was firmly established by the E866/NuSea experiment [53] . For this reason, predictions done with this parametrization of GPDs for the p n transitions in the region x Bj ∈ (0.1...0.3) might slightly underestimate the data.
IV. NUMERICAL RESULTS AND DISCUSSION
In this section we would like to present numerical results for the next-to-leading order corrections to pion production using the Kroll-Goloskokov parametrization of GPDs [18, [33] [34] [35] , briefly discussed in section III. Due to poor statistics of the neutrino-induced processes, it is challenging to measure the differential cross-section dσ/dx B dt dQ 2 , so we will restrict ourselves to the cross-section d 2 σ/dx B dQ 2 . Using for reference the kinematics of MINERvA experiment [22] , we assume that the average energy of the neutrino beam is 6 GeV. The predicted cross-section change only mildly when we smear out the cross-section with a realistic spectrum.
We would like to start a discussion about the dependence on the factorization scale µ F , which separates hard and soft physics. As we can see from Figure 3 , the results become independent on the factorization scale µ F only at a sufficiently large µ F 5 GeV. Though the choice of factorization scale µ F is arbitrary, a choice of a value significantly different from the virtuality Q could lead to large logarithms in higher order corrections. As was suggested in [37] [38] [39] , varying the scale in the range µ F ∈ (Q/2, 2Q), we can roughly estimate the error due to omitted higher order loop contributions.
In Figure 4 we show the predictions for the differential cross-section dσ/dx B dQ 2 for charged and neutral pion production in several channels. For all cross-sections, at fixed neutrino energy E ν and virtuality Q 2 , we have a similar bump-like shape, which is explained by a competition of two factors. For small x B ∼ Q 2 /2m N E ν the elasticity y defined in (4) approaches one, which causes a suppression due to a prefactor in (1). In the opposite limit, a suppression
n is controlled by the implemented parametrization of GPD. As we can see from a comparison of the leading order (dashed lines) and the full results (solid line surrounded by the green band), the next-to-leading order corrections are sizable and increase the full cross-section by ∼50%. In the charged current case, π + production on protons, the cross-section is even larger: as we explained in [21] , in the leading order there is a partial cancellation of the s-channel and u-channel handbag contributions, which leads to a twice smaller cross-section compared to the same process on neutrons in leading order. However, for the next-to-leading order such cancellation no longer occurs, which explains the elevated NLO correction to the charged current π + production on protons. Similarly, for the case of kaon production (see Figure 5) , we observe that corrections are large. From the upper left plot we can see that Cabibbo suppressed (∆S = 1) K + -production on the proton has extremely small cross-section, beyond the reach of ongoing and forthcoming experiments, and for this reason we do not consider other Cabibbo suppressed channels. The Cabbibo-allowed (∆S = 0) processes have an order of magnitude larger cross-sections and potentially could be used to test the poorly known strange quark GPD.
V. CONCLUSIONS
In this paper we estimated the contributions of the next-to-leading order corrections to pion and kaon production in neutrino-nucleus collisions. We found that these corrections increase the full cross-section by a factor of 1.5-2, and for this reason are important in the analysis of generalized parton distributions from the data. The NLO coefficient functions near the points x ± ξ have logarithmic behavior, which suggests that higher twist corrections in the NLO might be important, especially in the imaginary part. As was discussed in [29] , such corrections generate the azimuthal angle dependence, which could be used to assess the size of these harmonics. However, at this moment a systematic evaluation of NLO corrections at twist 3 presents a challenging problem.
Qualitatively, our findings agree with large NLO corrections to meson electroproduction [37] [38] [39] , deeply virtual Compton scattering [54] [55] [56] and timelike Compton scattering [57] , expected in electron-induced processes. In view of this result, a future analysis of the next-to-next-to-leading order corrections is desirable. Our results are relevant for the analysis of pion and kaon production in the Minerva experiment at FERMILAB as well as the planned Muon Collider/Neutrino Factory [58] [59] [60] .
A code for the evaluation of the cross-sections, taking into account NLO corrections and employing various GPD models is available on demand. : (color online) Selected neutral and charged current mediated kaon production cross-sections for fixed energy neutrino beam (Eν ≈ 6 GeV). The dashed line stands for the leading order evaluation, whereas the solid line surrounded by green error bands (marked as "Full") stands for the full result, which takes into account NLO corrections. The width of the band represents the uncertainty due to the factorization scale choice µF ∈ (Q/2, 2Q), as explained in the text.
